Abstract. ERRORJ is the only code that can process the covariance data of the Reich-Moore resolved resonance parameters and the unresolved resonance parameters in the world. Now, the new version, version 2.2, has been developed and is released with improved reliability. In the present paper, details of the upgrade and a result of a validation test with the SAMMY code are described. Covariance data contained in ENDF/B, JEF(F), and JENDL are processed. Large differences are observed in the covariance between these nuclear data files.
INTRODUCTION
It is important to evaluate uncertainties of nuclear design parameters, such as the neutron multiplication factor, in the nuclear engineering field. For the evaluation, covariance data of cross sections are very useful. When the uncertainties of the nuclear parameters induced by cross-section uncertainties are evaluated in a deterministic manner, covariance of energy-averaged (multi-group) cross sections are essential. The original ERRORJ code was developed [1] to produce the covariance of multi-group cross sections from the covariance data contained in the nuclear data files.
The ERRORJ code can process the covariance data of the Reich-Moore resolved resonance parameters, the unresolved resonance parameters, the P1 component of the elastic scattering cross section, and the secondary neutron energy distributions of the fission reaction. ERRORJ is the only code in the world that can process such covariance data.
Since the release of ERRORJ version 2 in 2002 [2] , many modifications have been made to increase reliability. In the present paper, details of the upgraded version, version 2.2 [3] , are described. Using ERRORJ version 2.2, covariance data contained in the several nuclear data files were processed and compared with each other. The results are also described.
UPGRADE TO VERSION 2.2
Covariance of the multi-group cross sections is calculated from the covariance of resonance parameters as shown:
( Γ is the sensitivity of the m-th group cross section to the i-th resonance parameter. The ERRORR module of the NJOY code [4] calculates the sensitivity analytically, but it has many restrictions. On the other hand, ERRORJ calculates the sensitivity numerically and can process the Reich-Moore resolved resonance parameters and the unresolved resonance parameters, which cannot be processed by ERRORR.
Since the release of version 2, the following modifications have been made. These modifications increase the reliability of ERRORJ.
(1) Non-diagonal elements of covariance matrices are calculated in the resonance energy region. The elements are ignored in the original version and version 2.
(2) The perturbation amount in numerical sensitivity calculations is optimized.
(3) The effect of the resonance self-shielding on the covariance of the multi-group cross sections can be considered.
(4) The compact covariance format (LCOMP=2) proposed by N.M. Larson [5] can be read.
In the present chapter, an effect of the resonance self-shielding on the covariance and a result of a validation test are described.
Effect of Resonance Self-Shielding on Covariance
In the resonance energy region, the neutron flux dips by the existence of a resonance nuclide. The energy dependence of the neutron flux can be expressed as shown below by using the narrow resonance approximation.
In Eq. (2), C(E) is a smooth function and 0 σ is the background cross section. The covariance of multigroup cross sections depends on the background cross section because the neutron flux is used as a weight function to produce the multi-group cross sections. Figure 1 shows a fine-group capture cross section and its absolute standard deviation of U-238 from JENDL-3.2 [6] . The resonance shapes can be seen both in the cross section and in the standard deviation. When the cross section and its standard deviation are averaged from 0.00001 eV to 80 eV, their dependencies on background cross sections behave as shown in Fig. 2 . The relative standard deviation changes drastically, from 0.4% to 2.3%, as the background cross section changes.
Comparison of Sensitivities between ERRORJ and SAMMY
The SAMMY code [7] has been developed at Oak Ridge National Laboratory (ORNL). The main function of SAMMY is to evaluate resonance parameters from experimental data. However, SAMMY has a function to generate covariance matrices of multi-group cross sections such as ERRORJ. SAMMY calculates analytically the sensitivity of multi-group cross sections to resonance parameters. Therefore, the numerical sensitivity calculations of ERRORJ can be validated through a comparison with SAMMY's result.
The comparative study was performed using a sample GD-158 covariance matrix prepared for testing purposes by N.M. Larson and L.C. Leal [8] . Sensitivities of multi-group capture cross sections to three resonances (resonance energy Er=22.3 eV, 101.08 eV, and 242.73 eV) were calculated by both SAMMY and ERRORJ. Table 1 shows the result. The first column in the table is the resonance energy of the aimed resonance and energy range of the aimed energy group. Differences over 10% are observed in several sensitivities. They may be caused by numerical error because the values of the sensitivities are very small. Good agreement was observed between the covariances of the multi-group cross section calculated by SAMMY and by ERRORJ. Table 2 shows the MF number of covariance data contained in the nuclear data files ENDF/B, JEF(F), and JENDL. JENDL contains more covariance data than others because there have been strong needs for covariance data in the fast reactor design study in Japan.
COMPARISON OF COVARIANCE BETWEEN ENDF/B, JEF(F), AND JENDL
The ERRORJ version 2.2 can process all the covariance data shown in Table 2 . In the present paper, standard deviations of multi-group cross sections are compared with each other. In addition, the uncertainty of the calculated multiplication factor induced by the cross section uncertainty is calculated using the following equation.
k i S σ is the sensitivity of the multiplication factor to the multi-group cross section, and it was calculated by the generalized perturbation theory code based on the diffusion theory. Figure 3 shows the standard deviations of the Fe-Nat. elastic scattering cross section. JENDL-3.2 estimated a larger uncertainty than ENDF/B-V, especially over 100 keV. This difference yields a large difference in the uncertainty of the multiplication factor of the JOYO Mark-III core [9] . The calculated uncertainties are 1500 pcm for JENDL-3.2 and 180 pcm for ENDF/B-V. The criticality of the core is significantly affected by the Fe-Nat. elastic scattering cross section because the core is very small, and the stainless steel reflector surrounds the core region. The difference between the covariances becomes small when the covariance data of JENDL-3.3 are used. Figure 4 shows the standard deviations of the U-235 capture cross section. The covariance data of MF=33, ENDF/B-V, and JEF-2.2 are identical although the cross sections differ from each other. Uncertainties of the multiplication factor of BFS-62-1, a uranium-fueled core [10] , are calculated as 800 pcm for ENDF/B-V (JEF-2.2) and 340 pcm for JENDL-3.2.
If cross sections are evaluated based on the common experimental database, the uncertainties of the evaluated cross section should not be so different from each other. Accordingly, the above results suggest that there is room to discuss a methodology to evaluate the uncertainty of the cross section. Figure 5 shows the standard deviations of the U-238 capture cross section. Needless to say, the cross section is very important for fission reactor calculations. However, only JENDL provides the covariance in the whole energy range. 
CONCLUSION
ERRORJ is the only code that can process the covariance of the Reich-Moore resolved resonance parameters, the unresolved resonance parameters, the P1 component of the elastic scattering cross section, and the secondary neutron energy distributions of the fission reaction. Now, the new version, version 2.2, has been developed and is released to the public. The upgraded ERRORJ significantly increases its reliability. A validation test for numerical calculation of the sensitivity of multi-group cross sections to resonance parameters with the SAMMY code has been successfully done.
Using the ERRORJ version 2.2, covariance data contained in ENDF/B, JEF(F) and JENDL were processed and the results were compared with each other. Large differences are observed among nuclear data files, and they yield significant differences in uncertainties of the neutron multiplication factor.
Needs for covariance data have been increasing in many nuclear engineering fields, such as the design study of accelerated-driven systems or criticality safety studies. A processing code for covariance data, ERRORJ version 2.2, can provide the data required for such the applications. Now, a discussion of a methodology for the estimation of a covariance to prepare more reliable covariance data is strongly recommended.
